Atrial fibrillation (AF) is a frequent co-morbidity in heart failure (HF) associated with increased mortality, but little is known about the mechanisms underlying AF onset in HF patients. We evaluated the association of cardiovascular and genetic risk factors with AF in HF patients.
Introduction
Heart failure (HF) is frequently complicated by atrial fibrillation (AF), the most common sustained cardiac arrhythmia. 1 Onset of AF in HF patients is associated with increased morbidity and mortality, potentially mediated by a rapid ventricular rate, loss of atrial contraction, irregular ventricular filling time, or thromboembolism. 2 -5 The prevalence of AF rises steeply with the severity of HF. However, more than half of patients with severe HF do not develop recognized AF, 2 -6 and pathophysiological mechanisms linking the two diseases remain largely uncharacterized. 7 We therefore aimed to examine the risk factors for AF in patients with HF. Importantly, genetic factors could theoretically explain at least part of the AF risk in HF, but studies examining the heritability of AF in HF patients are challenging because of the complexity of assembling multigenerational HF samples of sufficient size. As an initial test for a genetic basis of AF in the context of HF, we examined the association of genetic polymorphisms found to influence AF risk in genome-wide association studies 8210 with occurrence of AF in HF patients.
Methods

Study sample
The population-based Malmö Diet and Cancer study (MDCS) included 30 447 randomly selected men born between 1923 and 1945, and women born between 1923 and 1950 from Malmö , Sweden. Participants attended baseline examinations between 1991 and 1996 with sampling of peripheral venous blood and collection of cardiovascular characteristics as previously described. 11 -13 Briefly, participants underwent anthropometric measurements, measurement of blood pressure using a mercury column sphygmomanometer in the supine position after 10 min of rest, and filled out a questionnaire including information about current smoking, diabetes mellitus, and medication use. Diabetes mellitus at baseline was defined as self-reported physician's diagnosis, use of antidiabetic medications, or fasting blood glucose .6.0 mmol/ L when available. Hypertension was defined as use of antihypertensive medications or blood pressure ≥ 140/90 mmHg. Informed consent was obtained from all participants, and the study was approved by the ethics committee of Lund University, Sweden. Heart failure was ascertained from the Swedish HDR using a primary diagnosis code of 427.00, 427.10, and 428.99 for International Classification of Diseases-8th Revision (ICD-8), 428 for the 9th Revision (ICD-9), and I50 and I11.0 for the 10th Revision (ICD-10). Atrial fibrillation was ascertained from the HDR or the CDR using diagnosis codes 427.92 (ICD-8), 427D (ICD-9), and I48 (ICD-10). Myocardial infarction was ascertained from the HDR or the CDR using diagnosis codes 410 (ICD-8 and -9) and I21 (ICD-10). High case validity in the HDR and CDR has previously been reported for these definitions of HF, 16 AF, 11 and myocardial infarction. 17 
Patient selection
Genotyping
Two single nucleotide polymorphisms (SNPs) on chromosomes 4q25 near PITX2 (rs2200733) and 16q22 in ZFHX3 (rs2106261) associated with AF risk in genome-wide association studies and subsequently replicated in independent samples 8210 were genotyped in individuals from the MDCS who contributed DNA. 18 DNA was extracted from peripheral blood cells and assigned to batches without regard to AF or HF status. Batches were genotyped with the same set of reagents using real-time polymerase chain reaction reagents and protocols on an ABI 7900HT (Life Technologies, Carlsbad, CA, USA) according to the manufacturer's instructions. Genotype calls were obtained using SDS 2.3 software (Life Technologies, Carlsbad, CA, USA) and were manually curated.
Statistical analysis
As the exact onset of AF and HF can be difficult to determine and the temporal sequence of diagnoses of AF and HF can vary, 3 -5 primary analyses were performed under non-time-dependent assumptions. Genetic polymorphisms and cardiovascular risk factors [hypertension, body mass index (BMI), history of myocardial infarction, diabetes mellitus, and current smoking] were tested for association with AF in HF patients using unconditional logistic regression analysis adjusted for baseline age and sex. P-values ,0.05 were considered statistically significant. Genetic polymorphisms were primarily tested using additive genetic models as in previous studies, 8 -10 and population-attributable risk was estimated from these models, 11 but genotype-specific risk models were also evaluated. In a first sensitivity analysis, the association of risk factors with AF was tested prospectively in patients diagnosed with AF only after HF, using Cox proportional hazards regression with censoring at death or emigration, and exclusion of individuals with a diagnosis of AF before or simultaneously with HF. Results were compared with logistic regression analyses, given the potential differences between onset date and diagnosis date. In a second sensitivity analysis, individuals diagnosed with AF or HF prior to baseline were excluded.
In a third sensitivity analysis, exclusions in the other two sensitivity analyses were combined. Finally, in an analysis of all participants in the entire cohort with DNA, risk estimates for AF in HF patients were compared with estimates in the general population obtained from logistic regression analysis by including multiplicative interaction terms for genotype with HF. Interaction of genetic polymorphisms with age was also explored. All analyses were performed using SAS 9.2 (SAS Institute, Cary, NC, USA).
Results
An outline of the cohort is shown in Figure 1 . Cardiovascular risk factors for atrial fibrillation in heart failure patients
Of cardiovascular risk factors, age, sex, BMI, history of hypertension, myocardial infarction, and diabetes were associated with AF in the entire cohort ( Table 2) . In HF patients, increased age at diagnosis [odds ratio (OR) 1.22 per 10 years, 95% confidence interval (CI) 1.04-1.43, P ¼ 0.02] but not history of hypertension, BMI, sex, smoking, or diabetes (P ≥0.05) was associated with increased risk of AF. A history of myocardial infarction was marginally associated with a decreased risk of AF (OR 0.75, 95% CI 0.57-0.99, P ¼ 0.04) independently of age. In the first sensitivity analysis, prospective analyses excluding individuals diagnosed with AF prior to or simultaneously with HF, no risk factor was associated with AF in HF patients (all P . 0.05). In the second sensitivity analysis, excluding individuals diagnosed with HF or AF prior to baseline, only age remained associated with AF (OR 1.44 per 10 years, 95% CI 1.17 -1.78, P ¼ 6 × 10 24 ). In the third sensitivity analysis, with exclusions from both of the other sensitivity analyses, no risk factor was associated with AF in HF patients (all P . 0.05).
Genetic risk factors for atrial fibrillation in heart failure patients
Both SNPs on chromosomes 4q25 and 16q22 were genotyped in MDCS, with a call rate .0.95. 18 Minor allele frequencies ( Table 1) were similar in the entire cohort and in the HF cohort, and similar to previous AF studies (4q25, 0. Table 3 . Adjustment for established risk factors shown in Table 1 did not attenuate the SNP associations (data not shown). We observed no significant interaction of polymorphisms with age at diagnosis (P for interaction . 0.05). The AF risks in HF patients attributable to polymorphisms were 19% and 12% for SNPs on 16q22 and 4q25, respectively. In the first sensitivity analysis, individuals diagnosed with AF prior to or simultaneously with HF diagnosis were excluded, leaving 653 individuals with HF. During a median follow-up of 1.7 years, 113 individuals were diagnosed with AF. In this sample, the SNP on 16q22 remained strongly associated with AF risk [hazard ratio (HR) 1 Compared with HF patients with no risk alleles (n ¼ 547), AF risk increased in a dose-dependent fashion in patients with one risk allele (n ¼ 345, OR 1.46, 95% CI 1.13-1.89, P ¼ 0.004) or two risk alleles (n ¼ 89, OR 2.04, 95% CI 1.30-3.22, P ¼ 0.002). The number of individuals with more than two risk alleles was small but, interestingly, all individuals with three (n ¼ 5) or four (n ¼ 1) risk alleles were diagnosed with AF (Fisher's exact P ¼ 0.03 and P ¼ 0.48, respectively). Larger samples will be necessary to study individuals with more than two alleles, and for formal tests of gene-gene interaction.
Interaction analyses in the general population
In the entire cohort, AF risk was higher in HF patients (OR 9.24, 95% CI 8.03-10.64, P ¼ 1 × 10 2210 ) and in risk allele carriers for SNPs on both 4q25 (OR 1.58, 95% CI 1.44-1.73, P ¼ 6 × 10
222
) and 16q22 (OR 1.14, 95% CI 1.05 -1.23, P ¼ 0.001) as shown in Table 3 . AF risk estimates were similar to those reported in previous population-based studies for SNPs on 4q25 (OR 1.45, 95% CI 1.36 -1.54) and 16q22 (OR 1.19, 95% CI 1.12-1.26).
10 AF risk by genotype was significantly magnified in the presence of HF for 16q22 (P for interaction ¼ 7 × 10 24 ) but not 4q25 (P for interaction ¼ 0.83), as detailed in Table 3 . Interaction terms of SNPs with age at HF diagnosis were not significant (P . 0.05)
Discussion
We examined risk factors for AF in a large population-based cohort of patients hospitalized for HF. Whereas the conventional risk factors for AF in the general population-hypertension, smoking, diabetes, and BMI 11,12,18,20 -were not associated with AF in HF patients, strong associations were observed with two genetic polymorphisms near genes encoding cardiac transcription factors. The SNP on chromosome 16q22 but not that on 4q25 remained robustly associated with AF in prospective analyses restricted to patients with AF diagnosed after HF. Moreover, our findings suggest context dependency on AF risk for the chromosome 16q22 polymorphism, with a substantially larger relative risk of AF in HF patients (75% per copy) than in the general population (14% per copy). Our findings in HF patients might provide new clues on mechanisms linking HF to AF, for which understanding is limited.
Cardiovascular risk factors for atrial fibrillation in heart failure patients
Principally, the increased occurrence of AF in HF patients could result from common aetiological factors acting independently on both ventricles and atria or from atrial effects of ventricular dysfunction, such as atrial stretch from increased filling pressure or increased neurohormonal activation. Although certain HF aetiologies such as infiltrative, infectious, or deposition diseases could potentially act on both atria and ventricles, the lack of association of the major AF risk factors with AF in HF patients in the present study argues against independent effects of these factors on atria and ventricles, and suggests that association between cardiovascular risk factors and AF could instead be mediated by ventricular dysfunction resulting in increased atrial stretch and neurohormonal activation. Further support for this view comes from studies of HF patients in which the prevalence of AF is strongly correlated with measures of HF severity and filling pressure, such as New York Heart Association (NYHA) class, 2 and from population-based studies which have shown substantial overlap of conventional risk factors and echocardiographic measures of systolic ventricular dysfunction, increased left ventricular mass, and atrial dilation for AF risk. 21 Consequently, in HF patients, other factors such as the severity of HF, timeliness of treatment, and potentially a genetic susceptibility could be expected to be more important determinants of AF. The lack of association of AF with conventional risk factors in HF patients could also reflect more limited power to detect associations in this smaller subcohort, potentially reduced further by regression dilution bias as discussed below. Relative risk estimates are presented per genotype and per risk allele in an additive genetic model, with corresponding confidence interval and P-value. Risk estimates are presented in the entire cohort, in HF patients and in participants without HF. P-values are also presented for interaction of the linear genetic model with heart failure status in the entire cohort. CI, confidence interval; HF, heart failure; MDCS, Malmö Diet and Cancer Study; OR, odds ratio.
Genetic polymorphisms and atrial fibrillation in heart failure patients
Our results demonstrate the relevance to AF in HF patients of genetic polymorphisms on chromosomes 4q25 and 16q22 found in previous studies to be associated with AF in the general population, providing initial evidence of a genetic component to AF in the context of HF. However, the mechanisms linking polymorphisms on chromosome 4q25 and 16q22 to risk of AF are currently unclear. The most proximal gene to the SNP on chromosome 4q25 is the PITX2 gene, encoding a transcription factor expressed in the developing heart during embryonic cardiogenesis. PITX2 has been found in animal models to play a role in the formation of the pulmonary vein myocardium, 22 where ectopic impulse generation triggering AF onset has been reported in humans, 23 and to inhibit left-sided atrial pacemaker specification, such that haploinsufficient mice showed increased expression of sinoatrial nodespecific genes in the left atrium and increased propensity to atrial arrhythmia. 24, 25 Thus, risk allele carriers of the 4q25 SNP could have an increased propensity for ectopic impulse generation. The SNP on chromosome 16q22 is intronic to the gene Zinc Finger Homeobox 3 (ZFHX3), also encoding a transcription factor with cardiac expression. Little is known about the function of ZFHX3, but it has been shown to interact strongly with the Protein Inhibitor of Activated Stat3 (PIAS3), an inhibitor of STAT3, 26 which in turn is a regulator of paracrine circuits in the heart essential for interstitial matrix deposition balance and capillary vasculature maintenance. 27 Increased expression of STAT3 has been observed in animal models of AF and proposed to contribute to atrial matrix deposition. 28, 29 Thus, risk allele carriers of 16q22 could have an increased propensity to develop atrial fibrosis.
In the present study, SNPs on 16q22 but not on 4q25 were robustly associated with AF in prospective analyses of HF patients, and showed significant multiplicative interaction with HF for AF risk in the general population. Whereas SNPs on 4q25 have been shown to be strongly associated with lone AF and with AF following coronary artery bypass graft surgery, 30 our observation of a stronger association for SNPs on 16q22 with AF in HF patients could be consistent with a more important role for atrial fibrosis than impulse generation in AF pathophysiology in the context of HF, which could have implications for selection of rhythm control strategies in these different settings. 31 The lack of association for 4q25 with AF in prospective analyses and interaction tests could also reflect limited power to detect an association for this SNP with a lower allele frequency, although the lower risk estimate observed in the HF subsample supports a smaller effect. Experimental studies are needed to clarify the mechanisms linking polymorphisms with AF and the interaction of 16q22 with HF reported here.
Study strengths and limitations
The major strength of the present study was the very large size of the source population sample, which allowed detection of a large, population-based cohort of HF patients with AF ( Figure 1) . The use of a source population cohort also makes our study more representative of the general HF population than many previous studies of AF in HF patients which predominantly included younger, male participants of randomized controlled trials. 2 Our cohort of hospitalized HF patients was similar to previous population-based studies of HF 32,33 with a high age at diagnosis (mean 72 years), a slight majority of patients of male sex (58%), and a history of myocardial infarction in about a third of HF patients. However, our study has limitations which merit consideration. First, only patients hospitalized for a primary diagnosis of HF were detected. In contrast to diagnoses in the outpatient setting, such diagnoses have shown low inter-reader variability, 16 but are likely to bias our sample towards more severe cases, as evidenced by the high rate of AF. Although generalizability to outpatients seems likely, additional studies need to address this question. Secondly, our study design did not allow information on left ventricular ejection fraction (LVEF), which is frequently used to subclassify patients into HF with reduced or preserved LVEF. It is possible that our results are specific to HF of one of these subclasses. We also did not have information on NYHA class or left ventricular filling pressures, which are likely to be strong and correlated determinants of AF risk, specific aetiologies of HF, or use of medications for HF. Additional studies in clinically well characterized cohorts are therefore warranted. Thirdly, undetected AF events may have resulted in underestimates of AF risk and reduced power to detect associations, but are not likely to have caused falsepositive associations. Underestimation of AF events may be less pronounced in HF patients, who are frequently hospitalized and undergo electrocardiogram screening, resulting in relatively improved power to detect associations, but is unlikely to influence risk estimates. Differential underestimation by genotype would be expected to impact effect estimates, but appears unlikely. Fourthly, the possibility of undetected AF events makes the temporality of AF and HF diagnoses uncertain, as in previous studies on the temporality of AF in HF patients. 3 -5 Temporal misclassification might result in reduced precision in time-dependent sensitivity analyses, but is unlikely to result in false or inflated associations. Fifthly, as study participants did not attend follow-up examinations and cardiovascular risk factors were measured at baseline, it is possible that regression dilutions bias may have attenuated risk estimates for these risk factors. Finally, subsequent to the initiation of this study, SNPs in other genetic loci have been reported to be associated with AF, although with smaller effects. 34, 35 The association of these polymorphisms with AF in the context of HF remains to be determined.
Conclusions
Our results indicate a heritable component to the propensity of AF in HF patients, with increased risk of AF in HF patients carrying a common genetic variant in the ZFHX3 gene on chromosome 16q22 encoding a cardiac transcription factor. Furthermore, the association of this genetic polymorphism with AF was more pronounced in HF patients than in the general population. These findings may provide clues to the pathophysiology of AF onset in HF patients and have implications for rhythm control strategies in HF patients.
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